Recent ARPES measurement on electron-doped cuprate Pr1.3−xLa0.7CexCuO4 find that the pseudogap along the boundary of the antiferromagnetic Brillouin zone(AFBZ) exhibits dramatic momentum dependence. In particular, the pseudogap closes in a finite region around the anti-nodal point, in which the electron spectral function evolves into a single broadened peak. Such an observation is argued to be inconsistent with the antiferromagnetic(AFM) band folding picture, which predicts a constant pseudogap along the AFBZ boundary. On the other hand, it is argued that the experimental results are consistent with the prediction of the cluster-dynamical-mean-field-theory(CDMFT), in which the pseudogap is interpreted as a s-wave splitting between the Hubbard bands and the in-gap states in the Hubbard model. Here we show that the observed momentum dependence of the pseudogap is indeed consistent with AFM band folding picture, provided that we assume the existence of a strongly momentum dependent quasiparticle scattering rate. More specifically, we show that the quasiparticle scattering rate acts to reduce the spectral gap induced by AFM band folding process. The spectral gap can even be totally closed when the scattering rate exceeds the bare band folding gap. We thus argue that it is the nodal-antinodal dichotomy in the quasiparticle coherence that is responsible for the observed momentum dependence of the pseudogap in Pr1.3−xLa0.7CexCuO4.
The origin of the pseudogap phenomena remains a major unresolved issue in the study of the high temperature superconductors [1] [2] [3] . This phenomena have been interpreted either as a superconducting fluctuation effect, or, by many other researchers, as a precursor effect of some kind of competing order. While it is no doubt that the superconducting fluctuation effect does exist in high-T c cuprates, it is by now quite clear that the superconducting fluctuation effect alone cannot be responsible for the whole complex story of the pseudogap phenomena. It is generally believed that the strong correlation effect is playing an essential role in the formation of the pseudogap phenomena.
Among the various kind of competing order pictures proposed for the pseudogap phenomena, the antiferromagnetic spin fluctuation scattering picture is the most extensively studied. All cuprate superconductors are derived from doping antiferromagnetic insulating parent compounds. Extensive evidences have been accumulated through the years for the existence of strong antiferromagnetic spin fluctuation in the high Tc superconductors 2 . In particular, recent RIXS measurement shows that the spin-wave-like excitation at high energy is robust against doping even in the over-doped systems [5] [6] [7] [8] [9] [10] , with its dispersion and integrated intensity only slightly modified by doping. A theory of the pseudogap phenomena based on the scattering of the quasiparticle from the strong antiferromagnetic spin fluctuation has been studied more than two decades and is generally called the spin-Fermion model 4 . This model can either be taken as a phenomenological model describing the interaction of the low energy quasiparticle with the long wave length antiferromagnetic spin fluctuation, or as a low energy effective theory of some underlying strongly correlated electron model in the renormalization group sense. The essential point in both interpretations is the robustness of the collective spin fluctuation, which is taken as an independent degree of freedom from the itinerant quasiparticles at low energy. The existence of such a robust local-moment-like degree of freedom at low energy can be interpreted as the main consequence of the strong correlation effect of the electron at high energy. In the spinFermion model, the pseudogap phenomena is basically a band folding effect caused by the scattering from the antiferromagnetic spin fluctuation and should thus be the strongest along the boundary of the antiferromagnetic Brillouin zone(AFBZ).
To check our understanding on the origin of the pseudogap phenomena in the cuprates, it is very instructive to compare the phase diagram of the hole-doped and the electron-doped cuprate superconductors. Strong particle-hole asymmetry in the doped phase diagram has long been noticed in the study of the high T c superconductivity 11 . From the experiments, it is found that the antiferromagnetic ordered region is much more extended in the electron-doped cuprates than in the holedoped cuprates, while the opposite is true for the superconducting region. Such an asymmetry can be naturally understood from the point of view of Fermi surface topology. More specifically, as compared to the holedoped cuprates, the electron-doped cuprates has a Fermi surface that is more favorable(better nested) for antiferromagnetic ordering, while the maximum of the d-wave gap is more close to the Fermi surface in the hole-doped cuprates. Thus, antiferromagnetic spin correlation is expected to manifest in a different way in the electron-and hole-doped cuprates. In the electron-doped cuprates, the antiferromagnetic spin correlation exists mainly in the arXiv:1803.08226v1 [cond-mat.str-el] 22 Mar 2018 form of long range static order. On the other hand, the antiferromagnetic spin correlation in the hole-doped cuprates manifests itself more like a short-ranged dynamical fluctuation. Such a difference should result in different pseudogap behavior in both types of high-T c cuprates.
In a recent ARPES measurement performed on electron-doped cuprate Pr 1.3−x La 0.7 Ce x CuO 4 12 , it is found that a momentum independent spectral gap can indeed be seen along most part of the AFBZ boundary. However, the spectral gap is found to close abruptly in the anti-nodal region, in which the electron spectral function evolves into a single broadened peak. Similar behavior has also been reported by some earlier studies [13] [14] [15] . On the other hand, the pseudogap in the hole-doped cuprates reaches its maximum in the anti-nodal region and vanishes in the nodal region. Such a counter-intuitive observation has been argued to be a strong evidence against the AFM band folding picture by the authors of Ref. [12] , who alternatively interpreted the observed spectral gap as an s-wave pseudogap induced by the proximity of the system to a Mott insulator. More specifically, the authors claimed that a cluster dynamical mean field theory(CDMFT) simulation on the Hubbard model can produce a spectral signature that is very similar to the ARPES observation on Pr 1.3−x La 0.7 Ce x CuO 4 . In the CDMFT, the pseudogap is attributed to the splitting between the lower/upper Hubbard band and the in-gap state in the hole/electron-doped cuprates, which exhibits a s-wave character on the Fermi surface with moderate momentum dependence. However, such an interpretation suffers from the following two problems. First, the spectral weight calculated by the CDMFT theory is the strongest in the anti-nodal region along the whole AFBZ boundary, while the observed spectral weight is the weakest there. Second, while the CDMFT predicts a moderate momentum dependence of the pseudogap along the AFBZ boundary, the observed momentum dependence is much more dramatic. More specifically, the observed pseudogap seems to vanish abruptly in the anti-nodal region, but is almost momentum independent outside the anti-nodal region.
Here we propose an alternative interpretation for the momentum dependence of the observed pseudogap in the above electron-doped cuprate. In our picture, the pseudogap is still caused by the AFM band folding effect. The strange momentum dependence of the observed pseudogap is interpreted as a result of the competition between the real and imaginary part of the quasiparticle selfenergy. More specifically, we show that the quasiparticle scattering rate acts to reduce the size of the spectral gap induced by the AFM band folding effect. When the scattering rate exceeds the bare band folding gap, the spectral gap will be totally wiped out and a single broadened peak will emerge in the electron spectral function. Thus, the strange momentum dependence of the observed pseudogap is explained if we assume the existence of a large quasiparticle scattering rate in the anti-nodal region, which is indeed the case in all cuprates.
Here we assume the same quasiparticle dispersion as in Ref. [12] , namely, ξ k = −2t(cos k x + cos k y ) − 4t cos k x cos k y −2t (cos 2k x +cos 2k y )−µ to describe the bare band structure and set t = 0.25eV , t /t = −0.15 and t /t = −0.5. At the same time, we assume the existence of an antiferromagnetic long range order in the system. The coupling between the quasiparticle and the AFM long range order is given by H = ∆ AF k,σ σc † k+Q,σ c k,σ , in which Q = (π, π) is antiferromagnetic wave vector. As in Ref. [12] , we set ∆ AF = 0.11 eV . More generally, rather than assuming an AFM long range order, one can also assume the system to have a finite spin correlation length of ξ. However, if we expect the system to develop a well defined spectral gap in the nodal direction, as is assumed in Ref. [12] , then we should have 2πv F ξ < ∆ AF , otherwise the pseudogap will be wiped out by the strong detuning effect of the quasiparticle dispersion in the nodal direction. Here v F denotes the Fermi velocity in the nodal direction, which can be estimated as v F ≈ 4 √ 2t = 1.44 eV (here we use the Fermi velocity at k = (π/2, π/2) to approximate the Fermi velocity along the nodal direction). Inserting this estimation into 2πv F ξ < ∆ AF , one find that the spin correlation length should be at least 20 lattice constants to open a spectral gap in the nodal region.
According to the AFM band folding picture, the quasiparticle band along the AFBZ boundary should be split into two branches with the dispersion ξ k ± ∆ AF . Such a description fails to account for the dramatic momentum dependence of the pseudogap in the anti-nodal region. To solve this problem, we assume the quasiparticle to have a strongly momentum dependent scattering rate that peaks in the anti-nodal region. As we will show below, the quasiparticle scattering rate acts to reduce the pseudogap induced by the AFM band folding effect. For convenience, we assume that the quasiparticle scattering rate takes the form of Γ k = Γ 0 +Γ 1 i exp(−η(k − Q i ) 2 ). Here Q i = (±π, 0) or (0, ±π) are the four anti-nodal points in the Brillouin zone, η is a parameter introduced to define the size of the anti-nodal region, Γ 0 is a constant background. The scattering rate so defined reaches its maximum at the four anti-nodal points and its minimum at (±π/2, ±π/2) along the AFBZ boundary. When Γ k > ∆ AF , the splitting caused by the AFM band folding effect will be wiped out and we would expect a single broadened peak in the electron spectral function.
More precisely, the electron Green's function in the absence of the antiferromagnetic long range order is assumed to be given by
The self-energy corresponding to the AFM scattering is given by
Thus the Green's function of the renormalized quasiparticle is given by
On the AFBZ boundary, we have G
The electronic spectral function is given by the imaginary part of the Green's function and takes the form of
. From this expression, we see the new poles induced by the antiferromagnetic band folding effect is determined by the equation R(k, ω) = 1, whose solution is given by
Thus the scattering rate Γ k acts to reduce the splitting resulting from the antiferromagnetic band folding effect. In particular, when Γ k > ∆ AF these new poles will disappear, leaving the system an unrenormalized pole at ξ k .
To be more quantitative, we plot in Figure 1 the electronic spectral weight along the AFBZ boundary for Γ 1 = 0 and Γ 1 = 2∆ AF . Here we set Γ 0 = 0.03 eV and η = 2 in both cases. When Γ 1 = 0, we find two split spectral peaks along the whole AFBZ boundary. When Γ 1 = 2∆ AF , the spectral gap is found to close in a finite region around the anti-nodal point, but remains almost momentum independent outside the anti-nodal region, just as what is observed in ARPES experiment. We believe this mechanism explains the strange momentum dependence of the pseudogap observed in this electrondoped cuprate.
To see more clearly the dispersion of the renormalized quasiparticles, we plot in Figure 2 the peak position of the electron spectral function as a function of k x along the AFBZ boundary. One find that the splitting induced by antiferromagnetic band folding effect decreases continuously as one approaches the anti-nodal point. When k is sufficiently close to the anti-nodal point so that the scattering rate Γ k is greater than ∆ AF , the two spectral peaks merges into a single broaden peak, just as what is observed in ARPES experiment.
From the above results, we see that the dramatic momentum dependence of the pseudogap observed in the electron doped cuprate Pr 1.3−x La 0.7 Ce x CuO 4 can indeed be understood in the antiferromagnetic band folding picture, provided that we assume the existence of a strongly momentum dependent quasiparticle scattering rate along the AFBZ boundary. Our analysis shows that to develop a well defined spectral gap in the AFM band folding picture, the quasiparticle scattering rate Γ k and the detuning caused by quasiparticle dispersion, namely, 2πv F ξ , should be both smaller than the bare folding gap ∆ AF . In particular, the observation of the clear spectral gap in the nodal direction in the electron doped cuprate Pr 1.3−x La 0.7 Ce x CuO 4 indicates that the spin correlation in this system should be rather long-ranged, if not long range ordered.
The existence of the strongly momentum dependent quasiparticle scattering rate is a phenomenological assumption in our study. However, such an assumption is not only an observed fact for the cuprate superconductors, but is also very natural from the point of view of microscopic models. More specifically, since the band effective mass diverges at the anti-nodal points, it is natural to expect the electron correlation effect to be stronger in the anti-nodal region. We think such a strongly momentum dependent scattering rate comes most likely from the scattering by short-ranged and dynamical spin fluctuation, which exists universally in the high-T c cuprate superconductors. Here we note that the quasiparticle scattering rate also depends sensitively on the quasiparticle energy. Since the anti-nodal point k = (π, 0) is more close to the Fermi surface in the hole-doped cuprates than it in the electron-doped cuprates, we expect the quasiparticle scattering rate at the anti-nodal point to be smaller and that the pseudogap in the anti-nodal region to be more robust in hole-doped cuprates as compared to the electron-doped cuprates.
In conclusion, we proposed an alternative explanation for the dramatic momentum dependence of the pseudogap observed recently in the electron-doped cuprate Pr 1.3−x La 0.7 Ce x CuO 4 . According to our picture, the pseudogap in both the electron and hole-doped cuprates are induced by the AFM band folding effect, even though they exhibit opposite momentum dependence along the AFBZ boundary. We show that the momentum dependence of the pseudogap is actually a manifestation of the competition between the real and the imaginary part of the quasiparticle self-energy. In particular, the pseudogap in Pr 1.3−x La 0.7 Ce x CuO 4 is wiped out in the antinodal region because of the large quasiparticle scattering rate in the region. We believe the same physics is also responsible for the absence of pseudogap in the nodal region in the hole-doped cuprates, in which the spin correlation is much more short-ranged and the detuning effect related to quasiparticle dispersion is very large in the nodal direction.
